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Abstract 
The benefits of using notch, slot and multiple circular perforations in plate fin heat sinks 
(PFHSs), are investigated numerically, using a conjugate heat transfer model. Comparisons 
show that each type of perforation can provide significantly reduced pressure drops over PFHSs 
but that fins with slot perforations provide the most effective design in terms of heat transfer 
and pressure drop. The practical benefits of each type of perforated fin for micro-electronics 
cooling is also explored and their capabilities of achieving low processor temperatures for 
reduced mechanical power consumption are quantified.  
Keywords: perforated plate fins, k-ȦSST model, conjugate heat transfer, electronic cooling 
applications. 
NOMENCLATURE 
pin pitch in streamwise direction, mm S cross-sectional area of the flow passage 
of the heat sink, m2 Ac 
Reynolds number Re pin diameter of the pin fin heat sink, mm D 
temperature, oC Tperforation diameter of the pin fin, mm d 
temperature difference, oC ¨T hydraulic diameter, m Dh 
air velocity, m/s U
 
pin fin height, mm H 
CPU temperature, oC baseT Projected heat transfer coefficient, 
W/m2.oC hp 
 Greek heat transfer coefficient, W/m2.oC h 
fluid thermal diffusivity (m2/s) Į turbulence kinetic energy, Kg.m2s-2 k 
turbulence model constant Įȕȕ number of perforations n 
fluid viscosity (Pa·s) ȝnumber of pins N 
turbulent eddy viscosity, Pa.s tȝheat sink length, mm L 
fluid density (kg/m3) ȡ Nusselt number Nu 
kinematic viscosity, m2/s Ȟfan power, W Pfan 
turbulent kinematic viscosity, m2/s ȞW pressure drop, Pa ¨P 
k-İWXUEXOHQFHPRGHOFRQVWDQW İıPrandtl number Pr 
turbulence model constant for the k-
equation ıturbulent Prandtl number Prt 
k-ȦWXUEXOHQFHmodel constant Ȧ power applied on the base, W Q 
  Perimeter, m ݌ 
1. Introduction 
Thermal management is a key challenge for the semiconductor industry, since the inexorable 
rise in heat flux densities from micro-electronic components and devices presents formidable 
challenges in maintaining processor temperatures below critical values, in order to avoid a 
range of important failure modes, such as chip cracking and thermal oxidation of interconnect 
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surfaces [1]. Since the cooling of electronics accounts for around 0.5% of global electricity 
consumption [2] innovative cooling solutions are required which can deal with very high heat 
flux densities over localized hot spots, in excess of 100W/cm2, whilst also minimizing energy 
consumption [3]. These challenges have stimulated a number of cooling innovations, including 
the use of highly conductive inserts to provide more efficient pathways to heat removal [4], 
and a number of promising liquid cooling methods. The latter include on-chip cooling, direct 
liquid jet impingement and dielectric liquid immersion, which removes heat by convection 
currents [5], and the use of nanofluids as a means of increasing convective heat transfer [6]. 
This paper focusses on what is currently the most popular approach for cooling 
microelectronics due to its low cost, availability and reliability, namely convective heat transfer 
to air as it flows over a network of extended surface fins on a heat sink [7]. The reader is 
referred to the recent seventy-paper review by Nagarini et al. [8] for a summary of the main 
innovations in the design of extended surface heat exchangers in the last two decades. These 
have demonstrated clearly that surface fins offer a practical means of achieving large heat 
transfer area, without excessive primary surface area, and act as turbulence promoters thus 
further enhancing heat transfer rates [9].  It has recently been estimated that heat sinks, fans 
and blowers account for more than 80% of the thermal management solutions for electronics, 
and that these will be worth over $14 billion by 2021 [10]. Heat sinks provide a low cost and 
reliable means of achieving a large total heat transfer surface area without excessive primary 
surface area and the surface fins act as turbulence promoters which enhance heat transfer rates 
by breaking up the thermal boundary layer. The main goals of heat sink design are to provide 
the required heat transfer rates, to ensure processor temperatures remain below critical values, 
for minimal pressure loss and heat sink mass [8]. 
A number of studies have considered the performance of heat sinks with pins fins, termed 
Pinned Heat Sinks (PHSs) [9]. Soodphakdee et al [11] and Jonsson and Moshfegh [12], for 
example, investigated the effect of pin cross-sectional shape whilst Zhou & Catton [7] and 
Yang & Peng [13,14] considered the benefits of combining plate and pin fins within compound 
heat sinks. More recently, attention has turned to the benefits of perforating the pins within 
PHSs. Sahin and Demir [15, 16] studied the effect of the cross-sectional shape of perforations 
(circular or square) for in-line pin arrays while Dhumne and Farkade [17] considered the effect 
of staggered pin arrangements for singly-perforated pins of circular cross-section. Dai et al [18] 
studied the benefits of using micro-jets to improve heat transfer rate and reduce pressure drop 
by inducing flow separation in PHSs.  
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Al-Damook et al [9] have very recently used complementary experimental and numerical 
methods to explore the benefits of using multiple circular perforations within PHSs with 
circular pins. They showed that the Nusselt number increases monotonically with the number 
of perforations, while pressure drop/mechanical power consumption reduce monotonically. 
These benefits were found to arise not only due to the increased surface area but also due to 
the formation of localized air jets. Al-Damook et al [19] extended this work to compare the 
performance of multiple circular, square and elliptic perforations in PHSs. They showed that 
the optimal design may be a compromise between elliptic perforations, which minimize 
pressure drop, and circular perforations which provide the most effective heat transfer. Similar 
benefits have recently been reported for PHSs with pins perforated by much simpler single 
rectangular notch or slot perforations, which can also offer substantially improved 
performance, compared to solid pins, with reduced manufacturing complexity [20]. 
In spite of the attractiveness of PHSs in a number of applications, heat sinks based on 
rectangular plate fins, termed Plate Fin Heat Sinks (PFHSs) remain by far the most common. 
This is due to a number of important practical advantages over PHSs including simple structure, 
ease of manufacturing and comparatively small pressure drops/mechanical power 
consumption. A number of studies have examined how heat transfer rates can be improved by 
limiting the regions where air flows smoothly through the heat sink channels. Chiang [21] and 
Kotcioglu et al. [22], for example, used experimental Taguchi methods to optimize PFHS 
design, with the latter examining how periodically interrupted diverging and converging fins 
can enhance heat transfer significantly due to boundary layer disturbances and secondary 
mxing. Najafi et al. [23] adopted a numerical approach, using multi-objective Genetic 
Algorithms to optimize plate fin geometries for total heat transfer rate and total annual costs 
while the recent review by Kumar Das and Ghosh [24] summarised the benefits of using 
multiple air streams in PFHSs. 
They key importance of improving heat transfer rates from PFHSs has motivated a number of 
recent studies to explore whether heat transfer rates from PFHSs can be increased by 
perforating the fins either longitudinally, along the fins, or laterally, across them. Studies of 
longitudinal perforations include those of Shaeri & Yaghoubi [25,26], who used numerical 
methods to study thermal airflows through arrays of solid and longitudinally-perforated plate 
fins, where the latter are perforated with one or more rectangular perforations. They found 
perforations to be extremely beneficial: they reduced the size of the wakes behind the fins and 
the length of the recirculation zone around the lateral surface of the fins, while air jets through 
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the perforations increased the heat transfer rate. They also noted that these improvements can 
be realized with substantial reduction in weight, of up to 50%. Shaeri & Jen [27,28] also found 
substantial improvements using longitudinal perforations, with a single perforation increasing 
the heat transfer rate by up to 80%. Similar benefits have been reported recently for strip fin 
heat sinks, with fin aspect ratios between those of plate fins (large aspect ratio) and pin fins 
DVSHFWUDWLR§>@ 
Ismail [30] and Ismail et al [31] considered the effect of the shape of single and multiple 
longitudinal perforations and examined triangular, square, circular and hexagonal perforations. 
They found that circular, square and hexagonal longitudinal perforations all provide significant 
enhancements to heat transfer but that the pressure drop for circular perforations is significantly 
smaller than for the other perforation shapes. Ehtesum et al. [32] carried out an experimental 
investigation into the effect of the diameter and number of longitudinal circular perforations in 
PFHSs. Their results demonstrated that increasing the perforation diameter enhances heat 
transfer and reduces pressure drop significantly and that these benefits increased with an 
increasing number of perforations.  
The effects of perforating plate fins for natural convection heat transfer has also been 
considered in a number of previous studies. Alessa and Al-Widyan [33], Alessa et al. [34] and 
Awarsarmol and Pise [35], for example, studied the effect of triangular, rectangular and circular 
perforations respectively. Awarsarmol and Pise [36] recently carried out an experimental study 
into the enhancement of natural convection of a perforated fin array with circular perforations 
of different diameter and angles of inclination, providing useful data for validating numerical 
methods for porous fins, see e.g. Kundu et al. [37]. 
The benefits of lateral plate fin perforations have also been considered. Dhanawade and 
Dhanawade [38] experimentally determined the effect of lateral circular perforations for plate 
fins on heat transfer. They found that perforations generally increase the Nusselt number and 
that the optimum perforation diameter is a function of applied heat flux density, with larger 
perforations being beneficial for low heat fluxes and smaller perforations better for higher heat 
flux densities. Yaghoubi et al [39,40] showed that lateral perforations in PFHSs are ineffective 
for laminar airflows but that they increase heat transfer for turbulent flows. Ismail et al [41] 
later studied the benefits of employing either lateral circular, square, triangular or hexagonal 
perforations for turbulent flow cases. They found that hexagonal perforations yielded the 
highest heat transfer rate, while triangular ones minimize the frictional drag. 
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The present study is motivated by the findings of a recent investigation into the use of notch 
and slot perforations in PHSs [20], which demonstrated that very simple and easy-to-
manufacture notch perforations yielded significant performance enhancements, offering a 
much more practical alternative to internal fin perforations. This paper is the first to explore 
the benefits of using simple, longitudinal notch and slot perforations in PFHSs and to compare 
these against the performance of multiple longitudinal circular perforations. It is organized as 
follows. Section 2 describes the numerical conjugate heat transfer model for the thermal 
airflows over the PFHSs under consideration and the numerical methods used to solve them. 
Section 3 describes the validation of the numerical method and presents a comprehensive set 
of numerical solutions which explore the benefits of perforations for PFHSs. Conclusions are 
drawn in Section 4. 
2. Numerical Method 
2.1 Problem Description 
The plate fin designs considered are shown in Fig. 1, and include both solid fins and those with 
circular, notch and slot perforations. Four fins with circular perforations of diameter 1mm are 
considered with one (1P), two (2P), three (3P) and four (4P) perforations. Three slotted fin 
designs with rectangular slot perforations of width 1mm and height 3 mm (RM3), 6 mm (RM6) 
and 10 mm (RM10) are also considered, as are three fin designs with rectangular notches 
removed from the top of the plate fin, each with a width of 1 mm and heights of 2.5 mm 
(RU2.5), 5 mm (RU5) and 7.5 mm (RU7.5). Notch perforations are by far the easiest to 
implement during manufacturing. The dimensions of the base plate, fin height and fin thickness 
are the same for all heat sinks and are equal to 50×50 mm, 10 mm and 2 mm, respectively. In 
all cases, eight fins are arranged on top of the base plate, as shown in Fig. 2. Following Al-
Damook et al [9], the heat sinks are taken to be aluminium with thermal conductivity 202 
W/m.K and a base plate thickness of 2 mm. 
2.2 Conjugate Heat Transfer Model 
Following Al-Damook et al [9], a conjugate heat transfer model for the turbulent airflow over 
the heat sinks is developed. The properties of air are based on the inlet temperature of 25oC 
and the inlet velocity ranges between 6.5 m/s and 12 m/s which leads to Reynolds numbers 
between 3500 and 6580, based on equations (1) and (2). 
                                                         ܴ௘ ൌ ߩܷܦ௛ȀɊ                                                               (1) 
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                                                           ܦ௛ ൌ  ?஺೎௣                                                                       (2) 
The airflow is considered to be steady, incompressible and turbulent, see e.g. [17-20], and the 
conjugate heat transfer model analyses the heat flux, which is transferred through the heat sink 
into the moving air through the coupled boundary condition shown in Fig. 3(a).  The heat flux 
through the heat sink is computed by solving the conduction equation (3). 
Zhou and Catton [7] modelled the turbulent air flow using a Reynolds-Averaged Navier-Stokes 
(RANS) form of the continuity, momentum and energy equations (4, 5 and 7) respectively.   
                                                          
0).(   ss Tk                                                                  (3) 
                                                              0.  U                                                                     (4)                                                                              
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                                                  (5) 
In equation (5) V  is the Newtonian stress tensor which can be computed using equation (6)  
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where  'U  and U  are the fluctuation and average turbulent velocity vectors respectively, and 
p and I  represent the pressure and the unit tensor.  
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Following a number of recent, successful models of thermal air flows over heat sinks, the k-Ȧ
SST model with automatic wall function treatment is used, see e.g. [7,9,20]. The governing 
equations of this model are given in equations (8-14): 
                             
> @kkPUk
t
k
tkk  w
w )(.~)()( * PVPZUEUU
                                 (8)     
> @ ZZVUZPVPZUEUDUZ
UZ
ZZ  w
w
.
1)1(2)(.)()(
21
22 kFSU
t t
           (9) 
In equation (9) ܨଵ refers to blending function defined in equation (10), where ܥܦ௞ఠ and the 
turbulent eddy viscosity ߭௧are specified in equations (11) and (12) respectively. ܨଶ and ܵ refer 
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to the second blending function and the invariant measure of the strain rate respectively and ܨଶ 
is calculated using equation (13).  
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Equation (14) is employed to limit the growth of flow stagnation regions. 
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The constants for the SST model are taken as: 
.856.0,1,0828.0,44.0,5.0,85.0,
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2.3 Boundary Conditions 
Due to symmetry, the flow through only one row of fins is analysed [25], see Fig. 3(b). 
Following Al-Damook et al [9], the boundary conditions are given by: 
1- On the bottom of the heat sink a uniform heat flux of 20000 W/m2 and a no-slip 
condition, U = 0 are applied.  
2- The inlet air temperature is 25oC and its velocity ranges between 6.5 and 12 m/s.  
3- At the outlet, the pressure and the temperature gradient are both set to zeroሺௗ்ௗ௫ ൌ  ?ሻ.  
4- At the fin surfaces no slip, U = 0, and heat flux is conservedሺ݇௙ Ǥ ௗ்௙ௗ௡ ൌ ݇௦ ௗ ೞ்ௗ௡ ሻ. 
5- The left and right sides are taken to be symmetry boundaries.  
6- All other walls, no slip and adiabatic conditions are applied.  
Following a number of previous studies, e.g. [9], which have shown radiative heat transfer is 
small for the conditions considered here, radiative losses are neglected. 
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3. Results and Discussion 
A commercial finite volume method (FVM)-based code, ANSYS FLUENT [42] is used to 
solve the fully coupled momentum and energy equations, using second order upwinding, while 
continuity is satisfied using the SIMPLE method in which the velocity components are first 
calculated from the Navier±Stokes equations using a guessed pressure field. Computation is 
started first by solving the continuity, momentum, k and ȦHTXDWLRQVWRGHWHUPLQHWKHIORZ
field and then the energy equation to find the temperature field in the computational region. 
The procedure continues until the sum of the residuals of the continuity and momentum 
equations in each cell is less than 10-4 and the residuals of the energy equations are smaller than 
10-6. 
3.1 Grid Independence and Validation Tests 
The grid is composed of dense tetrahedral mesh elements to improve the quality of the 
numerical prediction near plate fin surfaces. The impact of grid density on the numerical 
solutions is investigated for the all examined models and the results for solid (0P) and slotted 
plate fins (RM10) are presented in Table 1. For the RM10 fins, increasing the number of cells 
above 799835 leads to a less than 0.5% variation in the base temperature and pressure drop. 
For solid fins, far fewer cells are needed and the results imply that grid independence is 
achieved with only 103449 cells. 
The numerical approach adopted here is next validated for the cases of plate fins with 
longitudinal, circular perforations, against the numerical predictions of Ismail [30] and the 
experimental data of Ehteshum et al [32]. Figs. 4(a) and (b) compare the Nusselt number (Nu) 
and total drag predicted in the present study with the numerical results of Ismail [30]. The 
agreement is generally very good, and the average discrepancies for Nu and total drag are only 
4% and 6% respectively. Fig. 4(c) and (d) compare the predictions of Nusselt number and 
pressure drop obtained here with the experimental data of Ehteshum et al [32]; once again, 
agreement is good and in this case the average discrepancies are only 3% and 7% for the 
Nusselt number and pressure drop respectively.  
3.2 Effect of Fin Design on Fan Power Consumption 
Fig. 5 demonstrates the effect of plate fin design on the fan power, Pfan, needed to overcome 
the pressure drop, calculated using equation (15), as the air flows through the heat sinks.  ௙ܲ௔௡ ൌ ܷǤ ܣ௣௙ Ǥ  ?ܲ                                                             (15) 
where U, Apf and ¨P are the inlet air velocity, flow cross-sectional area Apf =  H.S. (N-1) and 
pressure drop over the heat sink respectively.  
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Fig 5(a) compares the fan power consumption for flow over PFHSs with solid and circularly-
perforated fins. It shows that, for a given inlet air speed, the fan power decreases as the number 
of perforations increases and the average reduction percentages in comparison with solid fin 
are approximately 5%, 9%, 12% and 13% for the 1P, 2P, 3P and 4P fins respectively. Note that 
the benefits of increasing from three to four perforations are very small, suggesting that the 
extra manufacturing complexity with four perforations is not justified for these fin designs.  
Fig.5 (b) shows that the fan power consumption for the notched fins reduces monotonically 
with notch height due to the increasing cross-sectional flow area. The average reduction 
percentages compared to the case with solid fins are approximately 5%, 14% and 20% for the 
RU2.5, RU5 and RU7.5 fins respectively.  Fig.5 (c) considers the slotted fins and once again 
the fan power decreases as the slot height increases, with reductions of roughly 12%, 19% and 
24% for the RM3, RM6 and RM10 fins respectively. 
3.3 Effect of Fin Design on Heat Transfer Coefficient 
The heat transfer coefficient of a heat sink depends on the choice of characteristic area used. 
Al-Damook et al [9] have recently shown that using the projected area heat transfer coefficient, 
hP based on the projected cross-sectional area of the heat sink that is calculated using equation 
16 is perhaps the most useful indicator of the heat transfer efficiency for practical 
considerations, where ܣ௣ ൌ ܹܮ the projected base area, L and W are length and width of heat 
sink respectively. 
                                                     
)]
2
([ inoutwp
P TTTA
Qh 
                                                               (16) 
Fig. 6 shows the values of hP for all fin designs and shows clearly that these are lowest for the 
solid fins, which is expected since these have has the smallest wetted area and have no localized 
jets due to the absence of perforations. Conversely, the RM10 fin has the largest wetted area in 
contact with the air and the largest value of hP. Fig. 6(a) considers the circularly-perforated 
fins. Their values of hP increase monotonically with the number of perforations, the average 
enhancements over solid fins being approximately 2%, 3%, 7% and 9% for the 1P, 2P, 3P and 
4P fins respectively. The results also show how the benefits of the perforations increase 
significantly for the higher air speeds. Results for the notched fins are shown in Fig. 6(b). These 
show that the notches are more effective than circular perforated fins due to the higher wetted 
areas however the removal of material from the top of the fin rather than the bottom of the fin, 
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which conducts heat away from the heat sink may also be influential. The average 
enhancements over solid fins are 12%, 22% and 31% for the RU2.5, RU5 and RU 7.5 fins 
respectively.  
Fig. 6(c) shows the heat transfer performance of the slotted fins. As expected, the highest heat 
transfer coefficient is for the RM10 model because the number of fins has in effect been 
doubled from 8 to 16 fins with thinner fin thicknesses. However, the heat transfer coefficients 
for slotted fins are similar to comparable to those obtained with the notched fins, in spite of 
their large wetted area. This may be due to the fact that removing metal near the heat sink, is 
compromising its ability to conduct heat away from the heat sink.  The average enhancements 
compared to the solid fins for the notched fins are 12%, 22% and 35% for the RM3, RM6 and 
RM10 fins respectively.  
3.4 Effect of Fin Design on CPU Temperature 
The primary purpose of the heat sink in electronic systems is to ensure that the processor 
temperatures remain below critical temperatures to avoid component damage and failure. For 
PCs, for example, Yuan et al. [43] stated that this critical temperature is around 85oC. This 
cooling should be achieved with minimal fan power consumption. The effect of fin design on 
the compromise between the average heat sink base temperature, Tcase, and fan power is shown 
in Fig. 7. Fig 7(a) shows that when the fan power is less than roughly 0.06 W the circularly-
perforated fins have a larger Tcase whereas for fan powers greater than about 0.06W the solid 
fins have the hottest base temperature, in agreement with Ismail [30]. The average reductions 
in Tcase compared to the solid fins are roughly 1%, 1%, 4% and 4% for the 1P, 2P, 3P and 4P 
fins respectively. For the notched fins, Fig. 7(b) shows that the heat sink base temperature is 
significantly lower in all cases with average reductions of 5%, 10% and 13% for the RU2.5, 
RU5 and RU7.5 fins respectively. For the slotted fins, Fig. 7(c) shows even greater reductions 
in Tcase with average reductions of 6%, 11% and 16% for the RM3, RM6 and RM10 fins 
respectively, compared with those for the solid fins.  
The temperature distribution on the fin surfaces with an air inlet velocity of 12m/s for the solid, 
4P, RU7.5 and RM10 fins are shown in Fig. 8. As expected, the coolest fin surface is for the 
RM10 fin, whereas the hottest is clearly for the solid, 0P, fin. 
3.5 Effect of Fin Design on Heat Sink Mass 
Heat sinks for electronics cooling need to be as light as possible, while meeting their functional 
requirements on heat transfer and pressure drop, in order to reduce material consumption and 
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cost and to increase portability. The total mass of the heat sinks considered here has been 
calculated utilizing equations 17 and 18 and the values are showed in Table 2, where the density 
of aluminum ߩ஺௟ ൌ 2712 kg/m3. 
                                                ௧ܸ ൌ ௕ܸ௔௦௘ ൅ ௙ܸ௜௡௦                                                                (17) 
                                                    ݉௧ ൌ ߩ஺௟  ൈ ௧ܸ                                                                   (18) 
Table 2 shows that using circularly-perforated, notched and slotted fins on heat sinks offer the 
additional advantage of a significant reduction in its mass, which for slotted fins is over 30%. 
3.6 Effect of Fin Design on the Flow Field 
Fig. 9 demonstrates the effect of the perforations in the 4P and RM10 models on the flow field 
in comparison with the flow field for the solid fin, 0P. Since the top views of the flow field for 
the slotted and notched fins are very similar, only the slotted fin case has been shown. These 
show that the perforations lead to a substantial reduction in the size of the recirculation region 
behind the fin, which acts to reduce the overall pressure drop. The enhancement in the rate of 
heat transfer is due to the combination of the increase in the wetted area in contact with the air 
and the creation of localized jets that lead to higher convective heat transfer, see also [20]. 
3.7 Overall Performance of Fin Designs  
Table 3 summaries the performance benefits offered by the circular, notch and slot perforations 
for PFHSs in terms of hp, ǻP and Tcase, compared to heat sinks with solid plate fins. It shows 
that PFHSs with either RM10 or RU7.5 fins can provide efficient cooling of the heat sink base 
with minimal fan power consumption. Since notch perforations are the easiest to manufacture, 
the slightly better performance of the slot perforations may not be worth the additional 
manufacturing complexity and costs associated with creating internal fin perforations.  
4. Conclusions 
Heat sinks with plate fins provide critical cooling in a range of important industries and 
practical applications and are particularly important in the electronics industry. Although 
several previous studies have explored the benefits of employing internal perforations in plate 
fins, the present study is the first to explore the benefits of using simple longitudinal notch and 
slot perforations in PFHSs and the first to compare their performance with multiple circular 
longitudinal perforations.  
Results have shown that both notch and slot perforations offer significant advantages over 
circular perforations in terms of heat transfer and pressure drop and can achieve substantial 
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reductions in the heat sink base temperature, the fan power required to cool the base below 
critical temperatures and heat sink material volume and mass. Notched fins are relatively 
simple to manufacture [20] and may offer the most attractive design option since the marginal 
improvements offered by the slot perforations may not be worth the extra manufacturing 
complexity and costs.  
Collectively, the results presented here have demonstrated that the design of perforated PFHSs 
offers a very interesting multi-objective design optimisation problem where an appropriate 
balance must be struck between maximizing heat transfer, whilst at the same time minimizing 
pressure drop/mechanical power consumption and heat sink mass. If manufacturing complexity 
is also considered, then notch perforations may well offer an attractive, effective and practical 
solution to the important problem of improving the performance of PFHSs. These compromises 
are currently being investigated in a formal optimisation study. 
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Fig.1: The eleven perforated plate fin designs considered 
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Fig. 2: Schematic diagram of examined plate fin heat sink. 
Fig. 3: (a) Conjugate heat transfer process; (b) the computational domain. 
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Fig. 4: Comparison between predictions for PFHSs with longitudinal, circular perforations against (a) Nu 
predicted numerical by Ismail [30]; (b) Total drag predicted by Ismail [30]; (c) Nu measured experimentally by 
Ehteshum et al [32]; (d) pressure drop measured experimentally by Ehteshum et al [32]. 
(a) (b) 
(c) (d) 
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Fig. 5: Fan power for (a) solid and circular-perforated fins; 
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Fig. 7: T for (a) solid and circular-perforated fins; (b) 
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Fig. 8: Temperature distribution on 0P, 4P, RU7.5 and RM10 fins. 
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Fig. 9: Effect of circular and rectangular perforations on fluid flow in 
the PFHS. 
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Table 2: Masses of the examined heat sinks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Model Number of Cells The base temperature (oC) 
Pressure drop 
(Pa) 
0P PFHS 
11313 88.85 24.2 
36348 87.35 22.0 
103449 85.85 21.0 
229098 85.65 20.8 
RM10 PFHS 
145902 68.55 17.4 
650000 73.85 16.9 
799835 74.35 16.2 
920000 74.33 16.2 
Model 
 
Mass of solid 
geometry (g) 
 
 
Reduction 
percentage 
0P 35.25 0 
1P 34.40 2% 
2P 33.55 5% 
3P 32.70 7% 
4P 31.85 10% 
RU2.5 32.54 8% 
RU5 29.83 15% 
RU7.5 27.12 23% 
RM3 32.00 9% 
RM6 28.74 18% 
RM10 24.40 31% 
Table 1: Effect of grid density for solid PFHS and RM10 PFHS. 
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Table 3: Comparison in performance improvements for the modified models in comparison 
with solid PFHS. 
Pin 
design 
% increase 
in hp 
% reduction 
in Pfan 
% reduction 
in Tcase 
1P 2 5 1 
2P 3 9 1 
3P 7 12 4 
4P 9 13 4 
RU2.5 12 5 5 
RU5 22 14 10 
RU7.5 31 20 13 
RM3 12 12 6 
RM6 22 19 11 
RM10 35 24 16 
 
 
 
 
